The physical characteristics of cell culture materials, such as their elasticity, affect stem cell fate with respect to cell proliferation and differentiation. We systematically investigated the morphologies and characteristics of several stem cell types, including human amniotic-derived stem cells, human hematopoietic stem cells, human induced pluripotent stem (iPS) cells, and embryonic stem (ES) cells on poly(vinyl alcohol) (PVA) hydrogels immobilized with and without extracellular matrix-derived oligopeptide. Human ES cells did not adhere well to soft PVA hydrogels immobilized with oligovitronectin, whereas they did adhere well to PVA hydrogel dishes with elasticities greater than 15 kPa. These results indicate that biomaterials such as PVA hydrogels should be designed to possess minimum elasticity to facilitate human ES cell attachment. PVA hydrogels immobilized with and without extracellular matrix-derived oligopeptides are excellent candidates of cell culture biomaterials for investigations into how cell culture biomaterial elasticity affects stem cell culture and differentiation.
Introduction
The design and development of biomaterials to facilitate the culture and differentiation of specific cell types are valuable considerations for the advancement of stem cell therapy and the assessment of cancer cell pathology. Human embryonic stem (ES) cells [1] and induced pluripotent stem (iPS) cells [2] [3] [4] cannot be cultivated on conventional tissue culture polystyrene (TCPS) plates [5, 6] , whereas most cancer cell lines can be cultured on these dishes. Furthermore, it has been reported that human adipose-derived stem cells (hADSCs) within colon cancer tissues can be purified using hydrophilic nanosegment-immobilized surfaces [7] . In addition, human cancer stem cells (i.e. cancer-initiating cells) within colon cancer tissues are specifically suppressed when the cells are isolated from colon cancer cells. Therefore, hADSCs can be isolated from cancer tissue with the depletion of cancer stem cells using hydrophilic nanosegment-immobilized surfaces (i.e. cell-sorting surfaces) [7] .
The interactions that form between cells and biomaterials are governed by the biochemical and physical characteristics of the materials [8] [9] [10] [11] [12] [13] . The biochemical characteristics of cell culture materials (i.e. the chemical compositions of the materials and any biomacromolecule coatings on the materials) have been well investigated. Several specific polymers, such as poly (2-[methacryloyloxy] ethyl dimethyl-[3-sulfopropyl]ammonium hydroxide) [14] , poly(aminopropyl methacrylamide) [15] , poly(methylvinyl ether-alt-maleic anhydride) [16] , and poly(2-(acryloyloxyethyl)trimethylammonium chloride-co-2-(diethylamino)ethylacrylate [17] , have been reported to facilitate the expansion of human ES cells when used as cell culture platforms. By contrast, human ES cells cannot be cultured on conventional stiff TCPS dishes. Furthermore, several types of extracellular matrices (ECMs) have been used to coat cell culture dishes to facilitate human ES and iPS cell culture. Recombinant vitronectin [18] , CellStart (a mixture of fibronectin and albumin) [19] , laminin (LN)-511 [20] , and LN-332 [21] have all been found to support human ES and iPS cell culture when coated onto stiff TCPS dishes.
Recently, in addition to the biochemical characteristics of cell culture materials, the physical characteristics of these materials, such as their elasticities, are considered to affect stem cell proliferation and differentiation [8, [22] [23] [24] . Engler et al. [22] [23] [24] previously studied the differentiation fates of human bone marrow-derived mesenchymal stem cells (hMSCs) after culture on collagen-coated polyacrylamide hydrogels of varying elasticity. The use of soft hydrogels with stiffness similar to that of the brain (approximately 0.3-0.4 kPa) tended to induce stem cell differentiation into neural cell lineages (e.g. cells expressing β-III tubulin and P-NFH), whereas the use of stiff hydrogels (approximately 10 kPa) induced the differentiation of cells expressing myogenic markers (e.g. MyoD) [22] . Furthermore, the use of rigid hydrogels with a stiffness of approximately 35 kPa, which is similar to that of collagenous bone, induced hMSCs to differentiate into cells expressing the early osteogenic marker Runx2 [22] .
Trappmann et al. [25] cultured human epidermal stem cells on collagen-coated polyacrylamide hydrogels with elasticities ranging from 0.1 to 2300 kPa. The cells grown on the gels with low elastic moduli (0.5 kPa) did not form stable focal adhesions and induced differentiation as a result of decreased activation of the extracellular signal-regulated kinase/mitogen-activated protein kinase signaling pathway. By contrast, cell differentiation and spreading were not affected by the elasticity of polydimethylsiloxane (PDMS) after culture on collagen-coated PDMS dishes [25] .
Rowlands et al. [26] investigated the myogenic and osteogenic differentiation potential of hMSCs cultured on polyacrylamide hydrogels of varying stiffness that were immobilized with ECM proteins (i.e. fibronectin, laminin, collagen IV, or collagen I). These ECM-coated hydrogels supported the proliferation of hMSCs in a stiffness-dependent manner: high stiffness hydrogels promoted up to a 10-fold increase in number of cells relative to low stiffness hydrogels. Thus, we found a clear interplay between the stiffness of cell culture materials and the presence of ECM proteins from the expression of myogenic and osteogenic transcription factors in hMSCs.
The majority of researchers who have investigated how the physical characteristics of biomaterials affect stem cell differentiation fate have used polyacrylamide hydrogels [22, 25, 26] . This creates the idea that the effects of the physical characteristics of biomaterials on stem cell fate are only of concern when using polyacrylamide hydrogels. However, there is a current need to develop hydrogels of varying elasticity that possess chemical structures that differ from polyacrylamide. Therefore, in this study, we systematically investigated the morphologies and characteristics of several stem cell types, including human amniotic-derived stem cells (hAFCs), human hematopoietic stem cells (hHSCs), human ES cells, and human iPS cells, as well as human colon cancer (LoVo, CoLo205, and NCU-N1) cells, after culture on hydrogels composed of poly(vinyl alcohol) (PVA) hydrogels that were covalently immobilized with and without several different ECMs or ECM-derived oligopeptides. It is demonstrated that PVA hydrogels of varying elasticity that are or are not immobilized with FN or ECM-derived oligopeptides are suitable for the cultivation of different stem cells and colon cancer cell lines.
Materials and methods

Materials
Poly(vinyl alcohol-co-vinyl acetate-co-itaconic acid) (PVA) was received from Japan VAM & Poval Co., Ltd. (AF-17, Sakai, Osaka, Japan). The oligopeptides CS1 (EILDVPST), oligoCOL (GTPGPQGIAGQRGVV), oligoFN (KGGAVT-GRGDSPASS), cyclic RGD (cRGD, GACRGDCLGA), and oligoVN (KGGPQVTRGDVFTMP) were purchased from PHJapan (Hiroshima, Japan). TCPS dishes (35-3001; diameter = 3.5 cm) were received from Becton Dickinson (Franklin Lakes, NJ, USA).
Human iPS cells, HPS0077, were delivered from the Riken BioResource Center (Tsukuba, Japan All other chemicals were of reagent grade and were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Preparation of cross-linked PVA hydrogel dishes
Cross-linked PVA hydrogels were prepared according to previous studies ( Figure 1 ) [27] [28] [29] . Briefly, PVA having 1.2-1.3 mol% itaconic acid (a hydrolysis degree = 97.2%) was dissolved to 0.04-0.05 wt% in pure water [27] . The PVA solution was then added to TCPS dishes and dried for 6-8 days to produce PVA films. The PVA films were inserted into an aqueous cross-linking solution composed of 1.0 wt% H 2 SO 4 , 20.0 wt% Na 2 SO 4 , and 1.0 wt% glutaraldehyde for 0.5, 1, 6, 12, 24, and 48 h. The naming convention "P-Xh" (e.g. P-24h) means PVA hydrogels cross-linked for X hours (e.g. 24 h). After cross-linking, the PVA hydrogels were cleaned with pure water and then sterilized via immersion in a 74%-75% (v/v) ethanol solution for 0.5 h. After this, the hydrogels were rinsed in pure water and then stored in pure water until usage.
Preparation of PVA hydrogel dishes immobilized with fibronectin and ECM-derived oligopeptides
After the preparation of PVA hydrogels having different stiffness (elasticity), the hydrogels were activated via insertion in an aqueous solution, including 10.0 mg/ml N-hydroxysuccinimide and 10.0 mg/ml N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride for 6 h at 4°C [27] . Subsequently, the PVA hydrogels were rinsed with phosphate-buffered saline (PBS; pH 7.2) and inserted in a PBS solution containing either 100 μg/ml of fibronectin (FN) or 50-1000 μg/ml of ECM-derived oligopeptides (CS1, oligoVN, oligoFN, oligoCOL, or cRGD) for 24 h at 4°C (Figure 1 ). After the grafting of fibronectin or the ECM-derived oligopeptides, the PVA hydrogels were rinsed with pure water for 12 h to remove any residual fibronectin or ECM-derived oligopeptides. The PVA hydrogels immobilized with FN or ECM-derived oligopeptides are hereafter called P-Xh-FN, P-Xh-CS1, P-Xh-oligoFN, P-Xh-cRGD, P-Xh-oligoCOL, and P-Xh-oligoVN, where X indicates the cross-linking time (h). X-ray photoelectron spectrophotometer (XPS; K-Alpha spectrometer; Thermal Scientific, Inc., Amarillo, TX, USA) was used for the evaluation of the chemical compositions on the PVA hydrogel dishes.
Preparation and culture of cells
The experiments in this study were approved by the ethics committees of the Cathay Medical Research Institute (CT099012), the Taiwan Landseed Hospital (IRB-13-05), and the National Central University. All experiments were performed in accordance with all applicable and relevant institutional and governmental regulations and guidelines.
The human colon cancer cell line LoVo (BCRC 60148; Food Industry Research and Development Institute, Hsinchu, Taiwan) was cultivated on PVA hydrogels or TCPS dishes in Ham's F-12 medium supplemented with 20% FBS using conventional cell culture protocols [7] .
The human colon cancer cell lines Colo205 (BCRC 60054, Food Industry Research and Development Institute) and Colo-NCU1, which were established in our laboratory, were cultured on PVA hydrogels or TCPS dishes in DMEM/F12 medium supplemented with 20% FBS, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, sodium pyruvate, and l-glutamine using conventional cell culture protocols [7] . The initial cell seeding density was fixed to 10 5 cells/cm 2 . The media were exchanged twice a week. Antibiotics of amphotericin B (0.625 μg/ml), streptomycin (250 μg/ml), and penicillin (250 U/ml) (03-033-1B, Biological Industries, Israel) were also supplemented into the cultivation media.
Fresh second-trimester amniotic fluid was centrifuged at 1100-1200 rpm for 5 min, and the supernatant was removed. After centrifugation, the cells was dissolved in DMEM/MCDM 201 (40%/60%) with 10.0 ng/ml FGF-2 and 20% FBS, and the cells were cultured in a CO 2 -supplemented incubator (5%) at 37°C [30] . After reaching approximately 82%-85% confluence, the hAFCs were harvested using a trypsin/ethylene diamine tetraacetic acid (EDTA) solution, after which they were centrifuged and inoculated into cell culture dishes using a conventional passage procedure. As passage 4, the hAFCs were cultivated on PVA hydrogels immobilized with ECM-derived oligopeptides or FN in a CO 2 incubator at 37°C for 6-7 days; a subset of cells was also cultured on TCPS dishes under the same conditions. Mononuclear cells were obtained from human umbilical cord blood using the Ficoll-Paque method [27, 31] , and hHSCs (CD34 + cells) were subsequently isolated from the mononuclear cells using an immunomagnetic separation kit and a MiniMacs column (Miltenyi Biotec, BergischGladbach, Germany) for CD34
+ cells isolation following the manufacturer's instructions. After elution from the MiniMacs column, the cells were rinsed five times with PBS containing 2-2.1 mM EDTA. The purity of the CD34 + cells was evaluated using flow cytometry.
hHSCs (CD34 + cells) were inoculated onto PVA hydrogel dishes immobilized with FN or ECM-derived oligopeptides at a seeding density of 1500 hHSCs/cm 2 and then cultured in StemSpan SFEM serum-free culture medium with cytokine cocktail (StemSpan CC110). The medium was supplemented with 0.1% wt/wt low-density lipoprotein following the manufacturer's instructions [27] . The hHSCs were then cultivated for 10 days in a CO 2 -supplemented incubator (5% CO 2 ) at 37°C.
The human WA09 (H9) ES cells were cultivated as previously described on mitomycin-C-treated mouse embryonic fibroblast feeder cells in DEME/F12 medium supplemented with 20% KnockOut Serum Replacement [28, 32] . The WA09 cells were then shifted to culture on Matrigel in Essential 8 medium as previously described [28, 32] . The HS0077 human iPS cells were cultivated on Matrigel in Essential 8 medium [28, 32] . Near-confluent cell clusters were treated with dispase for 1-2 min at 37°C. Cells in Essential 8 medium were pipetted to achieve complete dispersal. After centrifugation at 150-160 g for 4-5 min at 4°C-5°C, the cells were inoculated at an appropriate density (5 × 10 4 cells/cm 2 ) into new culture dishes (PVA hydrogels immobilized with oligoVN). The medium was changed daily during human iPS and ES cell culture experiments.
Immunostaining of protein markers involved in differentiation and pluripotency of stem cells
Stem cells were immunostained for Nanog, Sox2, Oct3/4, Tra-1-81, Tra-1-60, SSEA4, AFP, SMA, and β-III tubulin following a conventional protocol [33, 34] . To accomplish this, cells grown on dishes were fixed with paraformaldehyde and then incubated with a primary antibody at a 1:110 dilution. Subsequently, the cells were rinsed with PBS and incubated with a secondary antibody at a 1 : 55 dilution. The cells were also stained with Hoechst 33342 (1 : 55). The stained cells were observed using a fluorescence microscope equipped with appropriate filters.
Embryoid body formation
Human ES cell pluripotency was investigated based on embryoid body (EB) formation at passage 10. To accomplish this, human ES cells were dissociated from their culture dishes, and cells in the supernatant were collected and injected onto ultralow attachment plates in Essential 6 medium to generate EBs. After 15-16 days in suspension, the EBs were shifted to Matrigel-coated plates and cultivated in Essential 6 medium for 4-6 weeks. Then the cells were immunostained with antibodies against protein markers of three embryonic germline layers (βIII-Tubulin, SMA, and AFP) and evaluated for immunofluorescence [28] .
Statistical analysis
Quantitative data were analyzed from three different samples. The data were shown as the mean ± SD. Statistical analyses were evaluated using an unpaired Student's t-test in Excel (Microsoft Corporation). Probability values (p) less than 0.05 were considered statistically significant.
Results
Physical characteristics of PVA hydrogels immobilized with and without FN or ECMderived oligopeptides
PVA hydrogels having different stiffness were immobilized with and without FN or ECM-derived oligopeptides; hydrogel elasticity was modulated by regulating the crosslinking time (intensity). The storage moduli, E′, of PVA hydrogels with an approximate 20-36 μm thickness were measured using a rheometer, and the values are listed in Table 1 . The softest PVA hydrogels in the present study, P-0.5h, had an E′ of 3.7 kPa. P-1h, P-6h, P-12h, and P-24h hydrogels had E′ values of 10.5, 13.2, 18.3, and 25.4 kPa, respectively, whereas the E′ of the hardest PVA hydrogels in present study, P-48h, was 30.2 kPa. TCPS dishes have been reported to have their elastic moduli of 3-12 GPa [27] . The storage moduli of PVA hydrogels immobilized with FN (P-Xh-FN) or ECM-derived oligopeptides (P-Xh-CS1, P-XhcRGD, P-Xh-oligoCOL, P-Xh-oligoFN, and P-Xh-oligoVN) were measured to be the same as those of the corresponding unmodified PVA hydrogels (P-Xh). This similarity exists because the layers of FN or ECM-derived oligopeptides immobilized onto the PVA hydrogels were too thin to contribute to the bulk E′ values of the PVA hydrogels. The thickness of the PVA hydrogels in the dishes in water was evaluated to be 2.1-3.0 μm. Water content (H) is defined in the following equation:
Water content (H) = weight of water in hydrogel (g)/ weight of hydrogel (g) × 100 (%).
The water contents of the various PVA hydrogels are also summarized in Table 1 . The water content was found to decrease as the cross-linking time used to create the hydrogels increased.
XPS analysis of nanosegments immobilized onto PVA hydrogels
It is important to evaluate the existence of nanosegments (i.e. ECM-derived oligopeptides) and the surface densities of such nanosegments on PVA hydrogels immobilized with ECM-derived oligopeptides with different stiffness. Because it was difficult to evaluate the absolute quantities of nanosegments immobilized onto the PVA hydrogel dishes created in this study via chemical titration and reaction methods, we used XPS to evaluate ECM-derived oligopeptides on the surfaces of the hydrogels. Figure 2A describes the high-resolution XPS spectra of N1s peaks on the surface of P-Xh-oligoVN, which had E′ values ranging from 10.5 to 30.2 kPa when the grafting concentration of oligoVN was 500 μg/ml. An N1s peak of approximately 400 eV was extensively detected in the P-Xh-oligoVN hydrogel (X = 1, 6, 12, 24, and 48 h) dishes. The atomic ratios of N/C on the surfaces of the P-Xh-oligoVN hydrogels were evaluated. Similar N/C ratios, 0.14, were obtained on the surfaces of all assessed P-Xh-oligoVN hydrogels (X = 1, 6, 12, 24, and 48 h), as shown in Figure 2B (p > 0.05). These results suggest that the surface density of oligoVN does not depend on P-XholigoVN hydrogel elasticity when the grafting concentration of oligopeptide is kept constant (i.e. 500 μg/ml in this study). The atomic ratios of N/C on the surfaces of P-24h-oligoVN hydrogels, which were prepared with oligoVN grafting concentrations of 50-1500 μg/ml, were also evaluated. The atomic ratios of N/C increased as the grafting concentration increased to 500 μg/ml. However, no significant differences (within the experimental error) in the atomic ratio of N/C were observed on the surfaces of P-24h-oligoVN hydrogels exposed to oligoVN grafting concentrations of more than 500 μg/ml (p > 0.05). These data are concordant with those in previous reports [30] . On the basis of the previously mentioned results, human ES cells were cultured on P-Xh-oligoVN hydrogels (X = 1, 6, 12, 24, and 48 h) with oligoVN grafting concentrations of 500 or 1000 μg/ml to maintain their pluripotency, whereas colon cancer cells, hAFCs, and hHSCs were cultured on P-oligo-ECM dishes with oligopeptide grafting concentrations of 50 or 100 μg/ml. This strategy reduced the use of expensive oligopeptides in the following experiments.
Culture of colon cancer cell lines on PVA hydrogels immobilized with and without oligoVN
Colo205, LoVo, and Colo-NCU1 colon cancer cell lines were cultured on PVA hydrogels with different stiffness. These hydrogels were not initially immobilized with FN or ECM-derived oligopeptides. The morphologies of the different cell types after 10 days in culture on the hydrogels are shown in Figure 3 . The number of Colo205 cells growing on the PVA hydrogels increased as the hydrogel elasticity increased (Figure 3 ). The numbers of Colo-NCU1 and LoVo cells growing on the hydrogels also increased the hydrogel elasticity increased; however, the overall numbers of attached Colo-NCU1 and LoVo cells were much less than that of the Colo205 cells. The LoVo, Colo205, and Colo-NCU1 cells could all be successively cultured to confluence on conventional, stiff TCPS dishes. When an ECM-derived oligopeptide (i.e. oligoVN) was immobilized onto PVA hydrogels (Figure 4) , the cell attachment of LoVo, Colo205, and Colo-NCU1 cells improved. The numbers of CoLo205 and LoVo cells that successfully grew on P-24h-oligoVN were similar to those of cells grown on TCPS dishes. In addition, we found that colon cancer cells preferentially proliferate on stiffer PVA hydrogels, regardless of whether they were immobilized with oligoVN.
hHSC and hAFC culture on P-ECM and P-oligoECM hydrogels
hHSCs were cultivated on PVA hydrogels with different elasticities (P-Xh, P-Xh-FN, and P-Xh-CS1) immobilized The atomic ratios of nitrogen to carbon (N/C) on the surfaces of the P-1h-oligoVN, P-6h-oligoVN, P-12h-oligoVN, P-24h-oligoVN, and P-48h-oligoVN hydrogels.
with FN and FN-derived oligopeptides (CS1) because FN and CS1 have been reported to facilitate hHSC expansion [27, 35, 36] . Figure 5 represents the morphologies of hHSCs cultivated on P-Xh, P-Xh-FN, and P-Xh-CS1 hydrogels with elasticities of E′ = 3.7 kPa (0. and CS1-immobilized PVA hydrogels were found to be similar to that of cells grown on TCPS plates. hAFCs were also cultivated on PVA hydrogels with different stiffness (unmodified PVA, cRGD-immobilized PVA, oligoCOL-immobilized PVA, oligoFN-immobilized PVA, and oligoVN-immobilized PVA) and TCPS plates. Figure 6 describes the morphologies of hAFCs cultivated on unmodified PVA and PVA immobilized with ECMderived oligopeptides with elasticities of E′ = 13.2-30.2 kPa, as well as of cells grown on TCPS dishes (elastic moduli = 3-12 GPa). Figure 7 shows the doubling times of hAFCs cultured on unmodified PVA and PVA immobilized with ECM-derived oligopeptides. , and P-24h-VN (E, K, Q) hydrogels immobilized with oligoVN and on TCPS dishes (F, L, R) after 10 days in culture. The P-Xh-oligoVN hydrogels were prepared using an oligoVN concentration of 50 μg/ml. The bar indicates 50 μm.
hAFCs could not be cultivated on PVA hydrogels with or without grafting of oligoCOL (an oligopeptide derived from collagen I [COL]) when the hydrogels had an elasticity less than 20 kPa (P-6, P-12, P-6-oligoCOL, and P-12-oligoCOL). By contrast, hAFCs could expand on PVA hydrogels with or without grafting of ECM-derived oligopeptides (cRGD, oligoCOL, oligoVN, and oligoFN) when the dishes had an E′ > 20 kPa (the cross-linking time of PVA was at least 24 h with and without the grafting of ECM-derived oligopeptides) and on TCPS plates Figure 6 : Morphologies of hAFCs cultured on P-Xh [P-6h (A), P-12h (B), P-24h (C), and P-48h (D)], P-Xh-cRGD [P-6h-cRGD (E), P-12h-cRGD (F), P-24h-cRGD (G), and P-48h-cRGD (H)], P-Xh-oligoCol [P-6h-oligoCOL (I), P-12h-oligoCOL (J), P-24h-oligoCOL (K), and P-48h-oligoCOL (L)], P-Xh-oligoFN [P-6h (M), P-12h (N), P-24h (O), and P-48h (P)], and P-Xh-oligoVN [P-6h-oligoVN (Q), P-12h-oligoVN (R), P-24h-oligoVN (S), and P-48h-oligoVN (T)] hydrogels and on TCPS (U) dishes after 7 days of cultivation. The P-Xh-cRGD, P-Xh-oligoCOL, P-Xh-oligoFN, and P-XholigoVN hydrogels were prepared using cRGD, oligoCOL, oligoFN, and oligoVN concentrations of 50 μg/ml. The bar indicates 100 μm. Figure 5 : Morphologies of hHSCs cultured on P-Xh hydrogels [P-0.5h (A), P-1h (B), P-6h (C), and P-24h (D)], P-Xh-FN hydrogels [P-0.5h-FN (E), P-1h-FN (F), P-6h-FN (G), and P-24h-FN (H)], P-Xh-CS1 hydrogels [P-0.5h-CS1 (I), P-1h-CS1 (J), P-6h-CS1 (K), and P-24h-CS1 (L)], and TCPS dishes (M) after 4 days in culture. The P-Xh-oligoFN and P-Xh-CS1 hydrogels were prepared using oligoFN and CS1 concentrations of 100 μg/ml. The bar indicates 50 μm.
(elastic moduli = 3-12 GPa). P-6h-cRGD, P-6h-oligoFN, and P-6h-oligoVN hydrogels supported hAFC proliferation, whereas P-6h and P-6h-oligoCOL did not. On the basis of the previously mentioned results, oligoCOL seems to be a less favorable nanosegment compared with cRGD, oligoFN, and oligoVN for the expansion of hAFCs. Of the PVA hydrogels with E′ values ranging between 13.2 and 30.2 kPa (cross-linking time = 6-48 h), hAFCs cultured on PVA hydrogels immobilized with cRGD (P-Xh-cRGD) and oligoFN (P-Xh-oligoFN) showed similar doubling times compared with those cultured on TCPS (Figure 7 ). Therefore, P-Xh-cRGD and P-Xh-oligoFN hydrogels (X = 6-48) were found to be appropriate to evaluate the effects of hydrogel stiffness on hAFC culture.
Culture of human ES and iPS cells on P-oligoVN hydrogel dishes
Human ES and iPS cells were cultured on P-Xh-oligoVN hydrogels [oligoVN is an oligopeptide derived from vitronectin (VN)] with different elasticities to evaluate the effects of hydrogel stiffness on the expansion of stem cells and their ability to maintain pluripotency because vitronectin and oligoVN coatings on cell culture dishes have been reported to help maintain human ES and iPS cell pluripotency [18, 37, 38] . When screening to evaluate biomaterials for human ES and iPS cell culture, cell attachment is one of the first factors that must be evaluated, followed by assessments of cell colony morphology and cell colonies showing no differentiation, as the use of appropriate biomaterials facilitate the development and maintenance of these human ES and iPS cell characteristics [5, 6, 32] . Figure 8 shows the morphologies of human ES cells (WA09) and human iPS cells (HPS0077) cultured on P-Xh-oligoVN dishes with different elasticities (P-1h-oligoVN, P-6h-oligoVN, P-12h-oligoVN, P-24h-oligoVN, and P-48h-oligoVN hydrogels) and on dishes coated with Matrigel at passage 1. The ES and iPS cells did not attach well to the softest P-1h-oligoVN hydrogels, whereas the ES cells did attach well to the PVA hydrogels with elasticities greater than 12 kPa (i.e. the P-6h-oligoVN, P-12h-oligoVN, P-24h-oligoVN, and P-48h-oligoVN hydrogels). These results indicate that the use of biomaterials with minimum elasticity is necessary to allow the attachment of human ES cells. Human ES cell (WA09) pluripotency was evaluated by immunostaining to detect the expression of pluripotent proteins after culture on P-24h-oligoVN hydrogel dishes in xeno-free conditions (i.e. in Essential 8 culture medium) for 10 passages. The results are shown in Figure 9 . The pluripotent proteins Nanog, Sox2, Oct3/4, SSEA-4, Tra-1-60, and Tra-1-81 were expressed in these cells.
To evaluate human ES cell pluripotency, it is necessary to determine whether these cells can differentiate into cells derived from all three germ layers in vitro (via EB formation assay). Therefore, human ES cells (WA09) were cultured on P-24h-oligoVN hydrogels under xeno-free conditions for 10 passages and subsequently cultured in suspension using ultralow protein binding dishes to facilitate EB formation ( Figure 10A ). Differentiated human ES cells were immunostained with antibodies against βIII-tubulin (ectoderm), SMA (smooth muscle actin and mesoderm), and AFP (alpha-fetoprotein and endoderm). The results are shown in Figure 10B . The cells were able to differentiate into cells expressing βIII-tubulin, SMA, and AFP, indicating that they maintained their pluripotency after culture on P-24h-oligoVN hydrogel dishes.
Discussion
In the current study, we demonstrated that several different cell types, including colon cancer cells, hHSCs, hAFCs, and human ES and iPS cells, can be cultured : Doubling times of hAFCs cultured on soft P-6 (left column), P-12 (the second column from left), P-24 (the third column from left), and stiff P-48 (right column) hydrogels immobilized with cyclic RGD (cRGD) or ECM-derived oligopeptides (oligoCOL, oligoFN, and oligoVN), without modification, and on TCPS dishes. P-Xh-cRGD, P-Xh-oligoCOL, P-Xh-oligoFN, and P-Xh-oligoVN hydrogels were prepared with cRGD, oligoCOL, oligoFN, and oligoVN concentrations of 50 μg/ml. The data are expressed as the mean ± standard deviation of three independent measurements.
on PVA hydrogels immobilized with and without FN or ECM-derived oligopeptides. Cell proliferation depended on the nanosegments used to immobilize the hydrogels (i.e. ECM-derived oligopeptides and ECMs) as well as on hydrogel elasticity. Table 2 shows the varying levels of cell proliferation measured after culture on the PVA hydrogels investigated in this study. Relatively stiff hydrogels (P-24h and P-48h) supported the proliferation of colon cancer cells, hHSCs, and hAFCs. By contrast, human ES and iPS cells could not be cultured on unmodified PVA hydrogels, regardless of their elasticity. To culture these cells, it was necessary to graft oligoVN to the hydrogels (Figure 8 ). Historically, polyacrylamide hydrogels have been used to evaluate the effects of cell culture biomaterial elasticity on stem cell proliferation and differentiation [22, 25, 26] . However, human ES and iPS cells cannot maintain their pluripotency on polyacrylamide hydrogels. Table 3 summarizes the results of previous studies that have investigated how cell culture biomaterial elasticity affects stem cell culture and differentiation. Recently, polymers other than polyacrylamide have been used to evaluate the effects of cell culture biomaterial elasticity on cell culture. These polymers include biomaterials made of (a) natural polymers, such as alginate [39] , agarose [39] , chitosan [40, 41] , hyaluronic acid [42] , fibrin [43] , silk [45, 46] , elastin [45] , gelatin [44] , and collagen [47] ; (b) synthetic polymers, such as PDMS [25] , poly(glycolic acid) [48] , poly(ε-caprolactone) [48] , poly(lactic-co-glycolic acid) [48] , poly(l-lactic acid) [48] , poly(ethyleneglycol) [49, 50] , and poly(hydroxyethyl methacrylate) [51] ; and (c) polymerinorganic hybrids, such as silk/hydroxyapatite (HAp) [54] , gelatin/HAp [55] , gelatin/β-tricalcium phosphate [52] , polycaprolactone/HAp [53] , and collagen/carbon nanotubes [56] . Bone ECM is a natural composite that contains HAp and collagen. Several researchers have prepared polymerinorganic hybrid scaffolds using Hap, such as silk/HAp and gelatin/Hap scaffolds [54, 55] . Mattei et al. [55] prepared composite gelatin/HAp scaffolds with varying HAp contents along with elasticity-matched HAp-free gelatin scaffolds as a control. Human periosteal-derived progenitor cells (PDPCs) were cultivated on the scaffolds for , "G", "P", and "N" indicates excellent, good, poor, and no culture, respectively. Natural polymer RGD-modified alginate hydrogels 7 days. They showed that both the stiffness and the Hap contents of the scaffolds contributed to the osteogenic differentiation of the PDPCs, indicating the role of elasticity in triggering the osteogenic gene expression and the role of HAp in facilitating the differentiation process, particularly at high content of HAp [55] .
Conclusions
The elasticities of the PVA hydrogels investigated in this study can be easily modified by adjusting their cross-linking time. In addition, these hydrogels can be covalently immobilized with a variety of ECMs and ECM-derived oligopeptides via aqueous phase reactions. Therefore, PVA hydrogels immobilized with or without FN or ECMderived oligopeptides should be excellent candidate of cell culture biomaterials for investigations into the effects on the culture and differentiation of various stem cell types.
